




to E) and the spectral line profiles (Fig. 3, F to I).
Furthermore, the data show that these conduct-
ance peaks are spatially localized, withmaximum
intensity in regions of constructive interference
(i.e., over broadmaximamodulating the
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3
p � ffiffiffi

3
p

pattern in Fig. 3, B to E). We attribute these
conductance peaks to scattering resonances,
which localize quasiparticles because of con-
structive interference in scattering from the
random arrangement of defects found within a
phase coherence length (18).

In support of these conclusions, Fig. 3, F to I,
displays sequences of dI/dV spectra taken along
the red lines shown in Fig. 3, B to E (the red lines
are in regions of maximum intensity modulation
for the four different energies of the dI/dV maps
in panels B through E). Each of the figures shows
a very prominent q2 modulation along the ver-
tical (distance) axis at the energy of the corre-
sponding dI/dV map (B to E). The lower set of
panels (J to M) shows dI/dV spectra obtained at
positions of the
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maxima, in the general
areas of constructive interference (i.e., near the
red lines). Clearly, the energy-dependent standing-
wave patterns are associated with conductance
peaks of different energies. Across the series of
maps and spectra, resonances decrease in inten-
sity as new ones acquire increased spectral
strength, each corresponding to a particular
spatial location of constructive interference in
panels B to E. Resonances are seen at –31 mV
(Fig. 3, F and J), at –13 mV (Fig. 3, G and K),
straddling the Fermi energy at ±1 mV (Fig. 3, H
and L), and at several energies above the Fermi
level (Fig. 3, I andM).Manymore spectral peaks
are observed for different spatial locations in the
data set in Fig. 3, with equally narrow line
widths.

Of particular interest is the influence of the
observed scattering centers on the transport

properties of epitaxial graphene. For perfect
monolayer graphene, the lattice A-B site sym-
metry and the K± valley symmetry give rise to
wave functions with distinct values of pseudo-
spin and chirality (3, 21, 22). Both quantities
are tied directly to the group velocity of the
quasiparticle wave function, and their near-
conservation in the presence of weak potentials
is equivalent to a suppression of backscattering.

Our measurements of both q1 and q2 scat-
tering processes show very directly that in-plane
atomic defects are a dominant source of both
intravalley (pseudospin-flip) and intervalley
(chirality-reversal) backscattering. This result
may explain the observation of weak localization
in similar samples (8, 18). The related phenom-
enon of weak antilocalization was recently
confirmed in epitaxial graphene grown by a

Fig. 3. Bilayer graphene topography (A)
and simultaneous dI/dV maps at sample
bias voltages of (B) –31 mV, (C) –13 mV,
(D) 1.0 mV, and (E) 21 mV. The type B
scattering centers lie outside the image
region [see lower left corner of (A)]. (F to I)
dI/dV (color scale) versus sample bias
(horizontal axis) and distance (vertical axis)
along corresponding red lines in (B) to (E).
The blue-white-red color scale spans the
conductance values observed in (J) to (M).
(J to M) Line-averaged dI/dV spectra
obtained from regions marked by red lines
in (B) to (E). The spectra are averages of
nine curves acquired at positions of the
ffiffiffi

3
p � ffiffiffi

3
p

interference maxima in the re-
gion of the red lines. Peaks in the dI/dV
spectra correlate with maxima in the long-
wavelength modulation of the

ffiffiffi

3
p � ffiffiffi

3
p

interference pattern. Blue arrows indicate
the bias (energy) position of the corre-
sponding conductance images in (B) to (E).
I = 500 pA, V = 100 mV, ∆V = 0.7 mVrms.
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Fig. 4. (A) Schematic of the 2D
Brillouin zone (blue lines), constant-
energy contours (green rings) at the
K± points, and the two dominant
classes of scattering vectors that
create the interference patterns. k1
and k2 denote the wave vectors of
incident and scattered carriers.
Scattering wave vectors q1 (short
red arrow) are seen to connect points
on a single constant-energy circle,
and wave vectorsq2 (long red arrow)
connect points on constant-energy
circles between adjacent Kþ and K�
points. Red circles indicate graphene
reciprocal lattice points with originG.
(B) q-space map of scattering ampli-
tudes, obtained from the Fourier
transform power spectrum of the
dI/dVmap in Fig. 2D.q1 scattering
forms the small ring at q ¼ 0,
whereas q2 events create the six
circular disks at K± points. (C) An-
gular averages of the central q1
ring from the q-space maps, at bias voltages from –100 to –20 mV shown in 10-mV increments. arb.,
arbitrary units. (D) Energy dispersion as a function of k for bilayer graphene determined from the q-space
profiles in (C) and similar data. Values shown are derived from the radii of the centralq1 scattering rings (red
squares) and from the angle-averaged radii of the scattering disks atKþ andK� (blue triangles). Dashed line
shows a linear fit to the data with vF = (9.7 ± 0.6) × 105 m/s and an energy intercept of –330 ± 20 meV.
Similar results are found for a single monolayer of graphene (fig. S2D) (18). The error bars represent the
typical combined statistical and systematic uncertainties estimated for each data set.
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different method on carbon-terminated SiCð0001Þ
substrates (4), indicating a very low density of in-
plane atomic scattering centers in those samples.
Thus, the transport properties in epitaxial gra-
phene are critically influenced by the microscop-
ic properties of the sample, determined (at least)
by the substrate and growth conditions. For
carbon-based electronics, this work highlights
the need for further microscopic studies that are
correlated closely with macroscopic transport
measurements.
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Efficient Tandem Polymer Solar Cells
Fabricated by All-Solution Processing
Jin Young Kim,1,2 Kwanghee Lee,1,2* Nelson E. Coates,1 Daniel Moses,1
Thuc-Quyen Nguyen,1 Mark Dante,1 Alan J. Heeger1

Tandem solar cells, in which two solar cells with different absorption characteristics are
linked to use a wider range of the solar spectrum, were fabricated with each layer processed from
solution with the use of bulk heterojunction materials comprising semiconducting polymers and
fullerene derivatives. A transparent titanium oxide (TiOx) layer separates and connects the front cell
and the back cell. The TiOx layer serves as an electron transport and collecting layer for the first
cell and as a stable foundation that enables the fabrication of the second cell to complete the
tandem cell architecture. We use an inverted structure with the low band-gap polymer-fullerene
composite as the charge-separating layer in the front cell and the high band-gap polymer
composite as that in the back cell. Power-conversion efficiencies of more than 6% were achieved
at illuminations of 200 milliwatts per square centimeter.

Polymer solar cells based on conjugated
polymer and fullerene composites offer
special opportunities as renewable energy

sources because they can be fabricated to extend
over large areas by means of low-cost printing
and coating technologies that can simulta-
neously pattern the active materials on lightweight
flexible substrates (1–4). Although encouraging
progress has been made with power-conversion
efficiencies (he) of 5% having been reported
(5–9), the limited efficiency has hindered the
path toward commercialization.

The “tandem cell” architecture, a multilayer
structure that is equivalent to two photovoltaic
cells in series, offers a number of advantages.
Because the two cells are in series, the open-
circuit voltage (Voc) is increased to the sum of
the Voc’s of the individual cells. The use of two
semiconductors with different band gaps enables
absorption over a broad range of photon energies

within the solar emission spectrum; the two cells
typically use a wide band-gap semiconductor for
the first cell and a smaller band-gap semiconductor
for the second cell (10). Because the electron-hole
pairs generated by photons with energies greater
than that of the energy gap rapidly relax to the
respective band edges, the power-conversion
efficiency of the two cells in series is inherently
better than that of a single cell made from the
smaller band-gap material. Moreover, because of
the low mobility of the charge carriers in the
polymer-fullerene composites, an increase in the
thickness of the active layer increases the internal
resistance of the device, which reduces both the
Voc and fill factor (FF) (11). Thus, the tandem
cell architecture can have a higher optical density
over a wider fraction of the solar emission
spectrum than that of a single cell without
increasing the internal resistance. The tandem
cell architecture can therefore improve the light
harvesting in polymer-based photovoltaic cells.

Tandem structures have been investigated
for small-molecule heterojunction organic solar
cells (12–15) and for hybrid organic solar cells
in which the first cell uses an evaporated small-
molecule material and the second cell uses a
conjugated polymer; the two cells are separated

by a semitransparent metal layer (16). Recently,
polymer-fullerene composite tandem cells were
reported (17–20). In these devices, a thermally
evaporated metal layer is used as a charge-
recombination layer and as a protection layer
(to prevent interlayer mixing) during the spin-
casting of the second cell (17–19). These polymer-
based tandem cells exhibit a high Voc, close to the
expected sum of the Voc’s of the two subcells, but
the short-circuit current (Jsc) is lower than that of
either single cell. When the same polymer was
used for the front and back cells, the small Jsc was
attributed to the absorption spectra being identical,
so that the back cell absorbs less incident light and
thus limits the photocurrent (because the two cells
are in series, the current through the multilayer
device is determined by that from the back cell).
Moreover, because the interfacial metal layer is
only semitransparent, the additional absorption
also reduces the intensity of the light incident on
the back cell. Thus, even when two different poly-
mers are used, the photocurrent is correspond-
ingly reduced.

We report here that we have successfully
demonstrated the application of polymer-based
bulk heterojunction tandem cells, with each
layer processed from solution. A transparent TiOx

layer is used to separate and connect the front
cell and the back cell. The TiOx layer serves as
an electron transport and collecting layer for the
first cell and as a stable foundation that enables
the fabrication of the second cell to complete the
tandem cell architecture. In earlier work on tan-
dem cells fabricated with organic semiconduc-
tors, the analogous intermediate layer was formed
by the evaporative deposition of a semitrans-
parent metal layer in high vacuum. This increases
the complexity of device fabrication and causes
unwanted loss of light intensity (due to absorp-
tion) to the back cell (14). For the tandem cells
reported here, the TiOx intermediate layer was
deposited from solution (by means of sol-gel
chemistry) with no substantial interlayer mixing.
The performance of the polymer tandem solar
cell is summarized as follows: Jsc = 7.8 mA/cm2,
Voc = 1.24 V, FF = 0.67, and he = 6.5%.
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